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1 | INTRODUCTION

Febuxostat is a selective inhibitor of xanthine oxidoreductase
(XOR) thereby reducing concentrations of uric acid (urate) in serum
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Aims: To examine the pharmacokinetic-phamacodynamic (PK-PD) relationships of
plasma febuxostat and serum urate and the effect of a single dose of the drug on
renal excretion and fractional clearance of urate (FCU).

Methods: Blood and urine samples were collected at baseline and up to 145 hours fol-
lowing administration of febuxostat (80 mg) to healthy subjects (n = 9). Plasma
febuxostat and serum and urinary urate and creatinine concentrations were determined.
Febuxostat pharmacokinetics were estimated using a two-compartment model with
first-order absorption. An Emax PK-PD model was fitted to mean febuxostat and urate
concentrations. Urinary urate excretion and FCU were calculated pre- and post-dose.
Results: Maximum mean plasma concentration of febuxostat (2.7 mg L) was
observed 1.2 hours after dosage. Febuxostat initial and terminal half-lives were
2.0 + 1.0 and 14.0 £ 4.7 hours (mean * SD), respectively. The majority (81%) of the
drug was eliminated in the 9 hours after dosing. Serum urate declined slowly achiev-
ing mean nadir (0.20 mmol L™2) at 24 hours. The ICsq (plasma febuxostat concentra-
tion that inhibits urate production by 50%) was 0.11 + 0.09 mg L~! (mean + SD).
Urinary urate excretion changed in parallel with serum urate. There was no system-
atic or significant change in FCU from baseline.

Conclusion: The PK-PD model could potentially be used to individualise febuxostat
treatment and improve clinical outcomes. A single dose of febuxostat does not affect
the efficiency of the kidney to excrete urate. Further investigations are required to

confirm the present results following multiple dosing with febuxostat.
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and is indicated for the treatment of gout. The majority of the phar-
macokinetic studies have estimated the pharmacokinetic parameters
of febuxostat using standard noncompartmental methods following
single and multiple doses administered to healthy subjects.’”? The
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pharmacokinetics of the drug have also been described using a one-
compartment population pharmacokinetic model.}? However, visual
inspection of the time course of plasma febuxostat concentrations
suggests a two-compartment pharmacokinetic model would fit the
data better.'® A two-compartment population pharmacokinetic model
was used to estimate the pharmacokinetic parameters of febuxostat
in a study published in abstract form only.* In this study a high coeffi-
cient of variation (71%) with respect to the prediction of the plasma
febuxostat concentrations was reported.'* Thus, the pharmacokinet-
ics of febuxostat have not been sufficiently elucidated and vary sub-
stantially in the limited published reports.

To date, there has been very limited study of the time course
of the hypouricaemic effects following single doses of febuxostat.
Serum concentrations of urate decline slowly and recover slowly
after dosage with febuxostat. For example, Zhang et al. (2014)
showed that serum concentrations of urate were reduced by 25%,
38% and 55% at around 24 hours following single doses of
febuxostat of 40, 80 and 120 mg, respectively, and returned to
baseline concentrations 48 hours after dosing.! Similarly, single
doses of febuxostat of 40, 80, 120 and 240 mg have been shown
to achieve maximum reductions in serum urate concentrations from
baseline of 18%, 24%, 28% and 36% in normouricaemic subjects.15
In contrast to the study of Zhang et al. (2014),** serum urate con-
centrations had not yet returned to baseline 60 hours after the
dose.'> More detailed studies are required to better understand the
time course of the relationship between plasma febuxostat and
serum urate concentrations.

Liu et al. (2017) reported that multiple dosing with febuxostat
reduced the fractional clearance of urate (FCU) in both healthy and
gouty subjects.?® This suggests that the hypouricaemic effects of
febuxostat due to inhibition of XOR may be reduced to some degree
by decreased clearance of urate. This may be important in under-
standing the dose-response of febuxostat and consequently in esta-
blishing therapeutic doses of this drug. By comparison, allopurinol,
also a XOR inhibitor, does not affect the FCU after either single!” or
multiple doses.*® Prospective studies are required to investigate this
possible effect of febuxostat on the FCU.

The aims of this study were therefore to examine (i) the
pharmacokinetic-pharmacodynamic (PK-PD) relationship between
plasma febuxostat and serum urate concentrations following a single
dose of febuxostat and (ii) the effect of a single dose of febuxostat on
both the renal excretion of urate and the FCU.

2 | METHODS
2.1 | Study design

This was an open-label, observational study conducted in healthy sub-
jects. The study (SVH 15/276) was approved by the Human Research
Ethics Committee of St Vincent's Hospital, Sydney and registered
(ACTRN 12617001346369). All study participants provided oral and

written consent.
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What is already known about this subject

e The pharmacokinetics of febuxostat have been described
mainly using standard noncompartmental analysis.

e There are limited data describing the pharmacokinetic-
pharmacodynamic (PK-PD) relationships of febuxostat.

e Based on a previous multiple dose study, febuxostat has
been reported to reduce the fractional renal clearance of

urate (FCU) in healthy and gouty subjects.
What this study adds

o The pharmacokinetics of febuxostat have been elucidated
using a two-compartment model. The PK-PD relationship
has been described with an E-max equation.

e Febuxostat displayed a negative hysteresis, with the
change in serum urate concentrations lagging behind the
time course of plasma febuxostat.

o A single dose of febuxostat reduced the rate of excretion
of urate but did not reduce the FCU in healthy subjects.

The study was conducted in two stages 12 weeks apart. Stage | was
undertaken in two healthy male subjects to ascertain whether the sam-
ple collection time frame and frequency of individual collections satisfac-
torily captured the time course of concentrations of urate until their
return to baseline values. Blood (5 mL) was collected immediately pre-
dose (baseline) and at the following time points after administration:
1,15,2,4,6,9, 24 (£2), 30 (+2), 31 (+2), 48 (+2) and up to 145 hours.
Having demonstrated a sufficient duration of blood sampling (i.e. serum
urate concentrations returned to baseline levels 145 hours after drug
administration) and to also examine the effect of a single dose of
febuxostat (80 mg) on the renal excretion and clearance of urate, the
above two male subjects underwent the following modified study proce-
dures. Blood (5 mL) was collected immediately pre-dose (baseline) and at
the following time points after administration: 1, 3, 6, 9, 24 (+2), 31 (1),
48 (+2), 72 (£2), 96 (+2) and 102 hours. Urine was collected before the
administration of febuxostat (=24 to -12 hours and —12 to 0 hours) and
at the following times after drug administration: 0-2, 2-4, 4-6, 6-8, 8-12,
12-24, 25 (+1), 31 (1), 48 (£2), 72 (+2), 96 (+2) and 101.5-102.5 hours.
The 31, 48, 72 and 96 hour samples were spot urine collections while
the remainder were total urine collections. The aim was to collect the
blood samples at the mid-points of urine collections to obtain urate
clearance estimates. In Stage Il of the study, a further seven healthy par-
ticipants (four males and three females) were administered a single dose
of febuxostat 80 mg under fasting conditions. Blood (5 mL) was col-
lected immediately pre-dose (baseline) and at the following time points
after administration: 1, 3, 6, 9, 24 (+2), 31 (x1), 48 (x2), 72 (+2), 96 (x2)
and 102 hours. Timed and divided whole urine collections continued for
the duration of the study up to 102 hours after the administration of
febuxostat 80 mg.



KAMEL ET AL.

BRITISH
2488 PHARMACOLOGICAL
SOCIETY
o

Subjects were asked to abstain from alcoholic beverages and caf-
feinated drinks for at least 24 hours prior to the pre- dose urine col-
lections (i.e. 48 hours prior to taking febuxostat) and until study
completion. Participants were asked to control their fluid/water intake
to a rate of 100 mL per hour during the daytime.

2.2 | Bioanalysis

All blood samples were immediately centrifuged (4,000 rpm, 5 min,
20°C) and the plasma and serum were stored at —20°C until analysis. An
aliquot (5 mL) of the urine samples was stored at 8°C until analysis.
Plasma concentrations of febuxostat were determined using a validated
HPLC assay method with a lower level of quantitation of 0.005 mg L~1.1°
In this method, the standard curves were linear over the concentration
range 0.005 to 10.00 mg L™2. The accuracy and imprecision for the back
calculated standard concentrations were 95-107% and <9.5%, respec-
tively, with a coefficient of determination r? > 0.99. The inter-day accu-
racy and imprecision of the quality control samples (0.0075, 0.015, 3.00
and 9.80 mg L™ and the lower limit of quantification were within
90-115% and <14.5%, respectively. Method validation and criteria were
in accordance with the FDA guidance on bioanalytical method valida-
tion.2° Febuxostat concentrations in urine were not measured. Urate
and creatinine concentrations in serum and urine were determined by
the uricase®! and Jaffe??~2* methods, respectively, in the Sydpath Labo-
ratory, St Vincent's Hospital, these assays were subject to routine valida-

tion for precision and accuracy.

2.3 | Pharmacokinetic analysis

Pharmacokinetic parameters for each subject. A two-compartment
model was used to fit the time courses of plasma febuxostat concen-
trations for each individual using logarithmic least squares using
MINIM version 3.0.8%° as given by Equation 1:

Cp=Axexp(-at)+Bxexp(—pt) - (A+B)xexp(—kit) (1)

where Cp is the plasma concentration of febuxostat, A and B are con-
centration terms, a and f are rate constants of elimination in the initial
and terminal phases, and k, is the rate constant of absorption.

Due to the sparse sampling in the absorption phase, the value of
k, was fixed at 2 h™. This value of k, is similar to that assumed
(ks = 2.18 h™%) by Hirai et al. (2016).2¢ The pharmacokinetic parame-
ters were determined using standard pharmacokinetic equations.?” 27
The estimated apparent clearance of febuxostat in each subject was

normalised for body weight.
2.4 | Time course of urate concentrations
The serum urate nadir, the time to reaching the nadir, absolute and

percentage reduction in serum urate concentrations, and time to

recovery from the nadir were determined in each individual.

2.5 | Pharmacokinetic-pharmacodynamic analysis

The plasma febuxostat concentrations from the nine individual sub-
jects at times O, 1, 3, 6, 9, 24, 30, 48, 72, 96 and 102 hours were aver-
aged. Then a two-compartment model (Equation 1) was fitted to
provide the averaged time course for the cohort with overall values
for A, B, a and . The serum urate concentrations from all the nine
individuals at the same time points were also averaged. Equation 2
was fitted to the average concentrations of febuxostat and urate at

each time point using MINIM version 3.0.8.2°

Cut =Cuxexp(—ky xtx (Cp;/(ICs0 +Cpy))) (2)

Cu; is the serum urate after dosage with febuxostat at time (t), Cu is
the pre-dose concentration of serum urate. Cp; is the plasma concen-
tration of febuxostat at time (t), ICsq is the plasma concentration of
febuxostat when the production of urate is inhibited by 50% and ki, is
the rate constant of elimination of urate. Equation 2 predicts a
biphasic time course of urate concentrations following a single dose,
initially a decline and then recovery of urate as a function of the time

variant factor Cp:/(ICso + Cpy).

2.6 | Renal excretion and clearance of urate

A number of estimates of the renal excretion and clearance of urate
were undertaken, repeating the estimates made in the study of Liu
et al. (2017) on febuxostat. These estimates were calculated for each
timed urine collection and for spot urine collections.

The urinary urate excretion rate was estimated as:

_ UUR xV
time

©)

The ratio of the urinary urate to creatinine excretion rates was

estimated as:

Eyr _UuwrxV  UgxV _Us @)
E, time °~ time Ug
The Simkin Index (S1),%° a measure of the efficiency of the kidney

in clearing urate, is:

- UUI’ X SCY

SI= =1 (5)

and the FCU®*! is:

FCU=< U xV / UaxV >X100=<Uurxscr )X].OO (6)

Sur X time’ S¢ x time Sur X Uer

In these equations, E is the excretion rate (mmol h™%), U, and U,,, are
the urinary creatinine and urate concentrations (mmol L™%), V is vol-
ume of urine (L), time is the duration of the urine collection (h), S., and
S.r are serum creatinine and urate concentrations (mmol L™, and

FCU is the fractional renal clearance of urate (%).
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2.7 | Statistical analysis

The data are presented for the total study cohort as well as separately
in the male and female subjects. The pre- and post-dose FCU values
were compared using signed rank Wilcoxon tests. The crude P values
of the Wilcoxon tests have been adjusted using the Bonferroni cor-
rections. Pharmacokinetic and pharmacodynamics data from the two
subjects who underwent the study twice were averaged. Statistical
tests and curve fitting were performed using R statistical programming
software version 3.4°2 and MINIM version 3.0.8,2° respectively. Plots
were generated using Graphpad version 7.0.3.3°
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concentrations of febuxostat by up to 100-fold over 24 hours. The
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mean initial and terminal half-lives from the two-compartment model
were 2 and 14 hours, respectively from the analysis of individual sub-
jects. The area under the concentration-time curve (AUC) of the initial
(alpha) phase, from 0 to 9 hours post dosing (AUCg_o), comprised 81%
of the total AUC to infinity (AUCq.,). The AUCy.: where t is the last
measured concentration was very close to the AUCq._,. Although the
apparent clearance of febuxostat in females tended to be lower than
in male subjects, this contrast disappeared when the apparent clear-

ance was normalised for body weight (Table 2).

3.3 | Effect of a single dose of febuxostat on the
3 | RESULTS time course of serum urate concentrations
3.1 | Baseline characteristics The hypouricaemic effect of febuxostat was evident within an hour of

The study comprised nine subjects: six males and three females. The
baseline characteristics were similar for male and female subjects
(Table 1) with the exception of serum urate concentrations, which

were lower in female than male subjects (P < 0.05).

3.2 | Pharmacokinetics of febuxostat

Febuxostat reached a maximum plasma concentration of
2.7 + 0.9 mg L™! (mean % SD) at 1.2 h + 0.6 hours following oral
administration of a single dose of 80 mg to fasting healthy subjects
(Figure 1a). A two-compartment pharmacokinetic model fitted the

individual time courses of the plasma concentrations of febuxostat

drug administration. The nadir of serum urate was higly variable but
was achieved at an average of 24 + 16 hours after dosage (Table 3).
Serum urate concentrations recovered gradually to near the baseline
concentrations over about 3 days (Figure 1b). The maximal absolute
and percentage reductions of serum urate concentrations were
0.10 + 0.02 mmol L™* and 34 + 11%, respectively. The percentage
reduction in serum urate concentrations was higher in females com-
pared to males (47% versus 29%, P < 0.05; Table 3).

3.4 | Pharmacokinetic-pharmacodynamic
relationship of a single dose of febuxostat

When the changes in the concentrations of serum urate from baseline

(* > 0.97; Table 2). There was a large decline in the plasma were plotted against the plasma concentrations of febuxostat at
TABLE 1  Baseline characteristics of the healthy subjects (n = 9) administered a single dose of febuxostat (80 mg)
Male subjects (n = 6) Female subjects (n = 3) Total (n=9)
Age (year) 26+5 25+2 26+4
Weight (kg) 73+ 10 63 +12 70 £ 12
Body mass index (kg m~2) 24 +2 23+5 24+3
Body surface area (m?) 1.9+0.2 1.7+0.1 1.8+0.2
Serum urate concentration (mmol L™ 0.32 +0.03 0.23 +£0.04 0.28 £ 0.05
eGFR (mL/min/1.73 m?) 114 £ 6 115+ 16 114 + 10
Urate excretion rate (mmol h™%) 0.18 + 0.06 0.13 £ 0.04 0.17 + 0.06
Ratio of urate excretion rate to creatinine excretion 0.25 £ 0.05 0.28 £ 0.07 0.26 £ 0.06
rate

Simkin index (mmol L™4)P 0.023 + 0.004 0.019 + 0.006 0.020 + 0.005
FCU (%) 65+15 81+15 70+17
Urine flow rate (Lh™ kg™?) 09+03 1.3+02 1.1+03

Data presented as mean + SD

®Males compared with females with unpaired Wilcoxon tests. Statistical significance (P < 0.05); P = 0.03.
bSimkin Index (SI) = the urinary excretion rate of urate over creatinine clearance (Sl = U"’Ufrs“) in mmol L%
Abbreviations: eGFR, estimated glomerular filtration rate in mL min~? 1.73 m™2 as calculated by The Chronic Kidney disease Epidemiology Collaboration

(CKD-EPI) 2009 equation;>* FCU, fractional renal clearance of urate in %.
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FIGURE 1 A The time courses of the plasma concentrations of febuxostat and B, serum urate concentrations in healthy subjects (n = 9)

following the administration of a single dose of febuxostat (80 mg). Dashed lines are female subjects and solid lines are male subjects. Each
individual has a unique symbol

TABLE 2  Pharmacokinetic parameters of febuxostat following the administration of a single dose (80 mg) in individual healthy subjects (n = 9)

Pharmacokinetic parameter Male subjects (n = 6) Female subjects (n = 3) Total (n=9)
Crnax (Mg L7Y) 28+0.8 27+13 27+09
Tinax (h) 14+0.8 1.0 £ 0.06 12+06
AUC (mg h L™Y) in « phase 8.1+14 10.1+20 8819
AUC (mg h L™%) in p phase 20+0.7 28+038 23+09
AUCo (mgh L™ 10.1+18 129+ 1.6 11.0+£22
t1/2 (h) in o phase 1.7 £ 0.5 26+13 20+1.0
t1/2 (h) in p phase 122+34 17.7+49 140+47
CL/F(Lh™Y 82+16 6.3+£0.7 7.6+1.6
CL/F(Lh™ kg™ 0.11+0.03 0.10+0.01 0.11+0.02

Data presented as mean + SD.

a and g (hybrid rate constants) are rate constants (h™?) in the initial and terminal phases of febuxostat elimination, respectively,

Abbreviations: AUCq.; = area under the concentration-time curve to the last measured concentration; C,.. maximum concentration; CL/F, apparent
clearance.

TABLE 3 Pharmacodynamic effect (serum urate lowering effect) of a single dose of febuxostat (80 mg) in healthy subjects (n = 9)

Male subjects (n = 6) Female subjects (n = 3) Total (n=9)
Nadir serum urate concentration (mmol L™%) 0.23 +£0.02 0.12+0.01 0.20 + 0.06
Time (h) to nadir (maximum effect) 25.0+4.8 20.5+11.6 243+ 15.6
Absolute reduction in urate (mmol L™%) 0.09 +0.01 0.11 +£0.02 0.10 + 0.02
Reduction in serum urate concentration (%)? 29.0+28 470+ 25 340+11.1
Time (h) to recovery from the nadir® 69.6 +21.0 69.3+16.6 667 +17.4

Data presented as mean + SD.
2Males compared with females with unpaired Wilcoxon tests. Statistical significance (P < 0.05); P = 0.03.
PRecovery was defined as the time serum urate concentrations returned to baseline concentrations.
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sequential times, a negative hysteresis was apparent for all individual
subjects and also in the mean concentrations of febuxostat and urate.
At the highest plasma concentrations of febuxostat there was minimal
change in the concentrations of serum urate (Figure 2 and Supporting
Information Figure S1). By contrast, the maximal change in serum
urate was apparent approximately 24 hours after the majority of

febuxostat had been eliminated from plasma (Figure 2).

3.4.1 | Phamacokinetic-pharmacodynamic model of
mean plasma febuxostat and serum urate
concentrations.

The PK-PD model described by Equation 2 fitted the time course of
mean plasma febuxostat and serum urate concentrations from the
study subjects (n = 9) well (? > 0.99; Figure 3 and Table 4). The rate
constant of elimation of urate, k,, was 0.053 h™%, equivalent to a half-
life of 13 hours. The mean ICsq value was 0.11 mg L2 (Figure 3). This
concentration is considerably lower than the mean peak plasma con-
centrations of febuxostat observed (2.7 + 0.9 mg L™%).

3.5 | Effect of febuxostat on the renal excretion and
clearance of urate

The ratio of the urinary urate excretion rate to creatinine excretion
rate decreased in parallel with the serum urate concentrations and
then increased gradually over 3 days as serum urate concentrations
returned towards baseline concentrations (Figures 1b and 4a). The
other estimates of renal excretion of urate, namely the rate of urate
excretion, the Simkin Index that normalises the urinary excretion rate

of urate to the creatinine clearance and the sequential 24 hour urinary

Absolute change in
serum concentration of urate (mmol L)

0 2 4 H
Plasma concentration of febuxostat (mg L")
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urate excretion collections, gave similar patterns, mirroring the

4
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changes in serum urate (Supporting Information Figure S2a-c) By con-
trast to the estimates of urate excretion, there was no discernible pat-
tern of change in FCU after the administration of a single dose of
febuxostat (Figure 4b and Table 5). There was no statistically signifi-
cant change in FCU in comparison to the baseline FCU at any time
post dosing with febuxostat (Table 6). There was no effect of
febuxostat on the renal clearance of urate over baseline (Supporting
Information Table S1). Similarly, there was no change in renal creati-
nine clearance compared to baseline following the single dose of
febuxostat (Supporting Information Table S2).

4 | DISCUSSION

The Chax and Tn.x of febuxostat were similar between male and
female subjects and consistent with published data.>* ¢** The two-
compartment pharmacokinetic model fitted the plasma febuxostat
concentrations well both for individual subjects and the averaged
concentration-time data. The apparent clearance of febuxostat tended
to be lower in females compared to males, but this contrast was not
significant when the apparent clearance of febuxostat was normalised
for body weight (Table 2). A similar observation was made by Liu et al.
(2012), who reported that, although the apparent clearance of
febuxostat was lower in healthy Chinese compared to North Ameri-
cans, this difference was not significant when normalised for body
weight.”1°

Febuxostat exhibited a negative hysteresis, in keeping with the
slow decline in serum concentrations of urate that lagged behind the
rapid fall in the plasma concentrations of febuxostat. It is notable that
the nadir of serum urate was achieved at about 24 hours when the

bulk of febuxostat had been eliminated from plasma. The delayed time

(B)

-0.10
24h
-0.08
30h ¢
9h
6h -0.06
48h @ - 0.04
3h
-0.02
72h ¢ Th
9 h
102h T T 0.00
00N 1 2 3

Plasma concentration of febuxostat (mg L'1)

FIGURE 2 Time course of the relationship between plasma febuxostat concentration and absolute change in serum urate concentration from
time zero demonstrating a negative hysteresis in A, all individual subjects and B, mean concentrations from all subjects derived from the PK-PD
model. The equivalent data from a single representative subject is presented in Supporting Information Figure S1
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FIGURE 3 A, Time course of mean plasma
concentrations of febuxostat and B, time course
of mean serum urate concentrations after the
administration of a single oral dose of febuxostat
(80 mg) in healthy subjects (n = 9). The mean time
course of plasma febuxostat concentrations was
fitted to a two-compartment model (Equation 1).
The simultaneous PK-PD model (Equation 2) was
used to fit the mean concentrations of plasma
febuxostat and serum urate. The lines are the
predicted data and the squares and bars are the
means and SD of observed data. The horizontal
dashed line represents the ICsq of febuxostat
0.11 mg L™%. Modelling was performed using
MINIM version 3.0.8.2°

Time (h)

(B)

0.35- T

0.254

Serum concentration of
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0.15- L

50
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to the nadir is due to the time taken to excrete the existing urate,
which is consistent with the half-life of serum urate (approximately
24 hours®®). Serum urate concentrations returned slowly to the base-
line concentrations over about 3 days (72 hours). The slow recovery
of urate can also be attributed to the long half-life of urate, three to
five half-lives being the time to reach the pre-treatment concentra-
tions assuming uniform production of urate by the body after the
febuxostat-induced inhibition of XOR had reversed. Other possible
but minor factors are the time for recovery of XOR activity in vivo,
secondary to reversing the inhibition of the enzyme, and/or de novo
synthesis of new XOR, and the continued hypouricaemic effect of the
small concentrations of febuxostat in the terminal beta phase. Based
on in vitro studies, Nishino et al. (2015)3¢ reported that the value of
the dissociation constant (Kg) of bovine milk XOR-febuxostat complex

was too low to measure, even with a sensitive florescence detection

80 100

method, but no confirmatory studies in humans have been published.
The time course of inhibition and recovery of XOR activity in vivo with
febuxostat requires further investigation.

The potent effect of febuxostat is confirmed by the very low ICsq
value of 0.11 mg L™ derived from the PK-PD model but this refers to
total febuxostat in plasma. Febuxostat is 98-99% bound to plasma
proteins.3” Assuming that 1.5% of febuxostat is free in plasma, the
unbound ICsq of febuxostat is about 1.61 x 10~ mg L™%. Assuming
that therapeutic activity is achieved with 20% of the ICsq, febuxostat
should have hypouricaemic effects down
0.32 x 1072 mg L™ of unbound febuxostat.

The ICso value of febuxostat estimated in the present study lies

to approximately

between the values estimated from in vitro studies and an in vivo
study conducted in gout patients. In vitro ICsq values of 1.4, 1.8 and

2.2 nmol L™ were obtained from studies employing bovine milk,
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TABLE 4 The estimated pharmacokinetic and pharmacodynamic
(urate) parameters after a single dose of febuxostat in healthy
subjects using the average concentrations of plasma febuxostat and
serum urate concentrations (n = 9)

Pharmacokinetic parameters Values

A 4192069 mglL"
B 0.15+0.04 mg L™
a 040+0.04ht

B 0.06 +0.008 h*
Pharmacodynamic parameters Values

Cu 0.289 + 0.003 mg L™*
Ky 0.053 +0.003 h™*
ICso 0.11+0.09 mg L™t

Data presented as mean + SD.

Pharmacokinetic parameters and variations were determined by optimal
fitting of the average plasma febuxostat concentrations to a
two-compartment model (Equation 1, Figure 3, r? = 0.99). A PK-PD model
(Equation 2) was fitted to the plasma febuxostat concentrations derived
from Equation 1 and the average serum urate concentrations at times O, 1,
3,6, 9, 24, 30, 48, 72, 96 and 102 hours post-dose (Figure 3, r? = 0.99).
Parameters and variations were determined by optimal fitting of theoreti-
cal equations using MINIM version 3.0.8.2°

A and B, concentration terms; a and $, rate constants of elimination in the
initial and terminal phases; Cp, plasma concentrations of febuxostat; Cus,
serum concentrations of urate after dosage with febuxostat at time t; Cu,
pre-dose concentration of serum urate; Cp;, plasma concentration of
febuxostat at time t; ICso, plasma concentration of febuxostat that inhibits
urate by 50%; ki, rate constant of elimination of urate when its synthesis
is blocked completely.

mouse liver and rat liver XOR enzymes, respectively.>® Unfortunately,
the ICsq of febuxostat on human XOR in vitro is unknown. Our in vivo
ICso estimate of unbound febuxostat of 1.61 x 1072 mg L~
(5.0 nmol L™%) is more than twice as high, assuming little protein bind-
ing in the in vitro preparations. An in vivo ICsq value of 0.24 mg L™!
was estimated from a population PK-PD compartmental model in
patients with gout, the work so far in abstract form only and the
model exhibiting a high coefficient of variation of 71%.* Again
assuming 1.5% of plasma febuxostat is unbound, the unbound ICso

FIGURE 4 A The ratio of
urate excretion rate to creatinine
excretion rate and B, The
fractional renal clearance of urate
(%) in healthy subjects (n = 9) at
baseline and for up to 102 hours
after the administration of a
single dose of febuxostat (80 mg).
Solid lines and dashed lines are
male and female subjects,
respectively. The other estimates
of urinary urate excretion gave
similar results to those in (A) and

Ratio of urate excretion rate to
creatinine excretion rate
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value of febuxostat in the gouty patients from the study of Khosravan
et al. (2006) is approximately 3.6 x 1072 mg L™ (11.3 nmol L™%). This

value is 2.3-fold higher than the present estimated unbound ICsq

4
Paz s

in vivo and substantially greater than values from the in vitro studies
noted. However, there are some differences between our method of
PK-PD analysis and the method of Khosvaran et al. (2006).2* The PK-
PD model of Khosvaran et al. (2006) assumes that febuxostat-
inhibitable XOR was in a peripheral compartment of urate. By con-
trast, our method assumes that the febuxostat-inhibitable enzyme is
within the central volume of distribution of febuxostat. Despite these
contrasts, it is evident that our compartmental method has not com-
promised the ability of the present model to produce a reasonable
estimate of the ICso of febuxostat. However, it is conceded that a
mixed-effects, simultaneous population modelling approach would
address a limitation of our two-staged approach to modelling the rela-
tionship between plasma febuxostat and serum urate, namely not
accounting completely for between- and within-subject variability.
Furthermore, employing unbound febuxostat concentrations for esti-
mates of ICsq estimation would be preferable, especially in studies in
patients where more variation in plasma albumin might be predicted.

In the present study, a single dose of febuxostat (80 mg) in
healthy subjects achieved an approximately 35% maximal reduction in
serum urate. This was comparable to that achieved with the same
dose in healthy Chinese subjects (38%),2* but was higher than that
reported previously in American subjects (24%).2> In the present
study, females had lower baseline serum urate concentrations than
male subjects, possibly due to the uricosuric properties of oestrogen
in premenopausal women.3?*° Females tended to have a greater per-
centage reduction in serum urate concentrations despite the absolute
reductions in urate being similar between males and females, consis-
tent with the lower baseline concentrations in women. Our data are in
line with literature where the percentage reduction in urate is
inversely proportional to the baseline urate concentrations.*!

The estimates of renal urate excretion, namely urate excretion
rate, ratio of urate to creatinine excretion rates, the Simkin Index and
the 24 hour urinary urate output, changed in parallel with changes in
serum urate concentrations induced by the single dose of febuxostat.

(B) =

T T RN

Fractional clearance of urate (%)

are presented in Supporting 24 0 24 )
Information Figure S2a-c Time (h)

7.2 96

72 9% 24 0 24 48
Time (h)
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TABLE 5 Mean FCU + SD (coefficient of variation, %) before and after the single dose of febuxostat (80 mg)
Participant Day 0° Day 0-4° Day 1¢ Day 2-4¢
ID32 74 +0.1(0.9) 8.5+1.0(11.7) 8.9 £0.6(6.8) 8.3+1.1(13.8)
ID33 6.7 £ 0.4 (6.0) 8.5+1.6(19.0) 8.7+1.0(11.2) 8.6 £2.0(23.2)
ID34 9.0+ 0.5(5.6) 8.9+1.7(19.1) 8.6 £1.9(21.5) 9.2+ 1.7(18.0)
ID35 6.7 £ 0.6 (9.0) 6.4 +1.0(15.6) 59+13(21.2) 6.8+0.5(6.8)
ID36 4.2 +0.9(21.4) 4.7 +0.9 (18.9) 47 +1.1(23.3) 48+0.7 (14.7)
ID37 5.4 +0.04 (0.8) 5.6+ 1.1(18.9) 58+ 1.5(25.2) 5.5+0.6(10.1)
ID38 6.1+1.4(23.0) 6.5+1.2(18.9) 5.9+ 1.5(25.8) 7.2+04(4.9)
ID39 8.6+0.8(9.3) 7.8+0.9(11.0) 8.02 +£0.8 (9.9) 7.5+09 (11.7)
ID40 9.6 £0.2 (10.4) 9.3+2.8(30.6) 9.8 +27(27.9) 8.7 £ 3.1(35.9)
Male subjects (n = 6) 6.6 +1.4(21.4) 7.1+2.04(28.8) 7.1+£21(29.8) 7.2 +2.04(28.5)
Female subjects (n = 3) 8.1+1.5(18.2) 7.9 +22(27.7) 7.9 +24(31.0) 7.8 +2.01(25.7)
All subjects (n = 9) 7.1+ 1.7(23.5) 7.3+21(28.9) 7.4 +£23(30.7) 7.4 +21(27.8)

A total of 11 blood specimens were collected from each subject, immediately before dosing and at the following times after administration of a single dose
of febuxostat: 1, 3, 6, 9, 24 (+2), 31 (+1), 48 (+2), 72 (+2), 96 (+2) and 102 hours. Urine (total catch) was collected before the administration of febuxostat
80 mg (—24 to -12 hours and —12 to 0 hours) and then for the duration of the study up to 102 hours after the administration of febuxostat 80 mg, the lat-
ter in timed, divided collections. For the two healthy male subjects who underwent the study procedures twice, urine collections for each individual were
performed at —24 to -12 hours and —12 to O hours and then 0-2, 2-4, 4-6, 6-8, 8-12, 12-24, 25, 30, 48, 72, 96 and 101.5-102.5 hours after drug adminis-
tration to calculate FCU. The 25, 30, 48, 72 and 96 urine collections were spot tests.

2Pre-dose FCU in individual subjects (average of two estimates).

PFCU estimates throughout the whole study duration including the pre-dose and 10 samples obtained after the administration of a single dose of
febuxostat for each participating subject, a total of 99 FCU estimates for all nine participating subjects.

“FCU estimates during the first 24 hours post-dose, five samples obtained for each subject after the administration of a single dose of febuxostat.

94FCU estimates for days 2-4 of the study, five samples obtained after the administration of a single dose of febuxostat for each subject during this period.

TABLE 6 FCUs (mean * SD) and the differences in FCUs from the baseline FCU (medians and 99.5% confidence intervals for absolute
differences) at multiple times after the single dose of febuxostat 80 mg given to healthy subjects (n = 9). Signed rank Wilcoxon tests comparing
the post-intervention differences in FCU with the baseline FCU, respectively

Time post-dose to mid-point FCU urine Mean * SD

Median difference in FCU from baseline

Adjusted P values for comparisons of
median difference in FCUs from baseline

collection FCU (99.5% confidence interval) (Bonferoni correction for 10 pairs)
0 h (pre-dose FCU) 71+17 0 NA
1h 8119 1.1(-2.7,0.6) 0.4
3h 8.7+21 -1.6(-3.9,1.1) 0.3
6h 6.8+22 0.5(-1.9,2.9) 1.0
9h 59+20 1.2(-1.6,3.0) 0.5
24 h 7220 -0.2 (=25, 3.4) 1.0
30h 73+£19 -0.2(-2.7,2.1) 1.0
48 h 6.5+0.9 0.7 (-1.2,3.2) 1.0
72h 7112 -0.1(-1.2,2.2) 1.0
96 h 7519 —-0.3(-2.9, 2.0) 1.0
102 h 8.7+3.0 -1.01(-5.4,0.6) 0.4

This was expected as the amount of urate presenting to the kidney
was reduced after the inhibition of urate production by febuxostat
(80 mg). The excretion of urate subsequently increased gradually as
the amount of urate presenting to the kidney recovered to the pre-
dose concentrations.

We did not detect a systematic effect of a single dose of
febuxostat (80 mg) on FCU over the time course of the study, nor on
urate or creatinine clearance. The lack of apparent effect on FCU, a

variable that estimates the efficiency of renal clearance of urate, is

not unexpected with a drug that reduces urate synthesis through the
inhibition of XOR. However, Liu et al. (2017)'° reported that
febuxostat 40-80 mg/day reduced FCU in healthy and gouty subjects
after chronic administration for 7 days.® Although the numbers of
subjects in our present prospective study are small, multiple collec-
tions of blood and urine allowed a more detailed examination of the
effect of febuxostat on FCU. The coefficient of variation for FCU was
less than 31% at any time point in the present study, which is consis-
tent with the literature values obtained in healthy subjects (28%).1®
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Furthermore, the intra-subject coefficient of variation for the current
FCU data of less than 20% (with the exception of one subject) is simi-
lar to that reported by Kannangara et al. (2012) (16%).*® However,
further studies on the effects of febuxostat on FCU in individuals tak-
ing this drug chronically are needed.

Febuxostat was recently identified by Miyata et al. (2016)*? to be
an inhibitor of the ATP-binding cassette transporter, subfamily G2
(ABCG2), a urate transporter in the gut and the kidney that contrib-
utes to the intestinal and urinary secretion of urate. However, it is
unlikely that febuxostat affects FCU through the inhibition of ABCG2
greatly since there is little expression of ABCG2 in the human kidney
in comparison with the small intestine and the liver.*® Furthermore, it
was demonstrated that loss of function in ABCG2, specifically the
Q141K polymorphism, was not associated with an effect on FCU in a
study that was conducted in people with hyperuricaemia (n = 448) or
normouricaemia (n = 344).** Kannangara et al. (2015)** concluded
that loss of function in ABCG2 contributed to hyperuricaemia by
reducing the extrarenal (gut) clearance of urate rather than an effect
on FCU. Additionally, it has been noted that febuxostat had no effect
on the transport of urate by urate anion transporter 1 (URAT1)*?
responsible for the bulk of reabsorption of urate in the renal proximal
tubules.*®

5 | CONCLUSION

The current study used a two-compartment model to elucidate the
pharmacokinetics of febuxostat in healthy subjects. Febuxostat dis-
played a negative hysteresis, with the change in serum urate concen-
trations lagging behind the time course of plasma febuxostat. While a
single dose of febuxostat reduced the rate of excretion of urate, spe-
cifically it did not reduce the FCU in healthy subjects. A PK-PD model
fitted mean plasma febuxostat and serum urate concentrations well.
This model may have clinical utility, but more detailed evaluation is
required in patients with gout who are being treated with febuxostat
chronically.

ACKNOWLEDGEMENTS

The authors thank Dr Emma Tay and Dr Jonathan Brett for their assis-
tance in performing the medical and physical examination on the par-
ticipants prior to entry into the study and at the study exit. Finally, the
authors thank the healthy subjects who participated in this study. The
present work was funded by The Lexy Davies Bequest at St Vincent's
Hospital, Sydney. The funding body had no input in the design of the
study, collection, analysis, and interpretation of the data and writing

of the manuscript.

COMPETING INTERESTS
There are no competing interests to declare.

CONTRIBUTIONS
All authors contributed to the inception, design of the study and writ-
ing of the present manuscript. Additionally, B.K., G.G., Z.L., K.P. and

BRITISH
PHARMACOLOGICAL 2495
] SOCIETY
A

R.D. were involved in the data analyses. Each author contributed to
important intellectual content during drafting and/or revision of the

manuscript and accepts accountability for the overall work.

DATA AVAILABILITY STATEMENT
We do not have Ethics Committee or research subject participants

permission to share study data.

ORCID

Bishoy Kamel "= https://orcid.org/0000-0002-7993-8776
https://orcid.org/0000-0002-5602-0153
https://orcid.org/0000-0002-2114-587X

https://orcid.org/0000-0002-1456-876X

Garry G. Graham
Sophie L. Stocker
Jane E. Carland

REFERENCES

1. Grabowski B, Khosravan R, Wu JT, Vernillet L, Lademacher C. Effect
of hydrochlorothiazide on the pharmacokinetics and pharmacody-
namics of febuxostat, a non-purine selective inhibitor of xanthine oxi-
dase. Br J Clin Pharmacol. 2010;70(1):57-64.

2. Grabowski BA, Khosravan R, Vernillet L, Mulford DJ. Metabolism and
excretion of [14C] febuxostat, a novel nonpurine selective inhibitor of
xanthine oxidase, in healthy male subjects. J Clin Pharmacol. 2011;51
(2):189-201.

3. Khosravan R, Grabowski B, Wu JT, Joseph-Ridge N, Vernillet L. Effect
of food or antacid on pharmacokinetics and pharmacodynamics of
febuxostat in healthy subjects. Br J Clin Pharmacol. 2008;65(3):
355-363.

4. Khosravan R, Grabowski BA, Mayer MD, Wu JT, Joseph-Ridge N,
Vernillet L. The effect of mild and moderate hepatic impairment on
pharmacokinetics, pharmacodynamics, and safety of febuxostat, a
novel nonpurine selective inhibitor of xanthine oxidase. J Clin
Pharmacol. 2006;46(1):88-102.

5. Khosravan R, Grabowski BA, Wu JT, Joseph-Ridge N, Vernillet L.
Pharmacokinetics, pharmacodynamics and safety of febuxostat, a
non-purine selective inhibitor of xanthine oxidase, in a dose escala-
tion study in healthy subjects. Clin Pharmacokinet. 2006;45(8):
821-841.

6. Mayer MD, Khosravan R, Vernillet L, Wu JT, Joseph-Ridge N,
Mulford DJ. Pharmacokinetics and pharmacodynamics of febuxostat,
a new non-purine selective inhibitor of xanthine oxidase in subjects
with renal impairment. Am J Ther. 2005;12(1):22-34.

7. Liu XX, Liu RJ, Ding L, et al. Pharmacokinetics of febuxostat in healthy
Chinese volunteers. Arzneimittelforschung. 2012;62(10):463-469.

8. Hosoya T, Ohno I. A repeated oral administration study of febuxostat
(TMX-67), a non-purine-selective inhibitor of xanthine oxidase, in
patients with impaired renal function in Japan: pharmacokinetic and
pharmacodynamic study. J Clin Rheumatol. 2011;17(4 Suppl 2):
$27-S34.

9. Khosravan R, Kukulka MJ, Wu JT, Joseph-Ridge N, Vernillet L. The
effect of age and gender on pharmacokinetics, pharmacodynamics,
and safety of febuxostat, a novel nonpurine selective inhibitor of xan-
thine oxidase. J Clin Pharmacol. 2008;48(9):1014-1024.

10. Zhou H, Zheng Y, Wu G, et al. Pharmacokinetics and tolerability of
febuxostat after oral administration in healthy Chinese volunteers: a
randomized, open-label, singleand multiple-dose three-way crossover
study. Int J Clin Pharmacol Ther. 2016;54(2):115-124.

11. Zhang M, Di X, Xu L, et al. Pharmacokinetics and pharmacodynamics
of febuxostat under fasting conditions in healthy individuals. Experi-
mental & Therapeutic Medicine. 2014;7(2):393-396.

12. Hira D, Chisaki Y, Noda S, et al. Population pharmacokinetics and
therapeutic efficacy of Febuxostat in patients with severe renal
impairment. Pharmacology. 2015;96(1-2):90-98.


https://orcid.org/0000-0002-7993-8776
https://orcid.org/0000-0002-7993-8776
https://orcid.org/0000-0002-5602-0153
https://orcid.org/0000-0002-5602-0153
https://orcid.org/0000-0002-2114-587X
https://orcid.org/0000-0002-2114-587X
https://orcid.org/0000-0002-1456-876X
https://orcid.org/0000-0002-1456-876X

BRITISH
2496 PHARMACOLOGICAL
SOCIETY

13.
14.

15.

16.
17.

18.
19.

20.

21.

22.
23.
24.

25.
26.

27.
28.
29.

30.

31

KAMEL ET AL.

Kamel B, Graham GG, Williams KM, Pile KD, Day RO. Clinical phar-
macokinetics and pharmacodynamics of Febuxostat. Clin Pharma-
cokinet. 2016;1-17.

Khosravan R, Wu JT, Joseph-Ridge N, Vernillet L. Population pharma-
cokinetics and pharmacodynamics of febuxostat in a phase Il study
of patients with gout. Clin Pharmacol Ther. 2006;79(2):21.

Clinical pharmacology and biopharmaceutics reviews of febuxostat. In:
Department of Health and Human Services. Food and Drug Adminis-
tration (FDA). 2008. http://www.accessdata.fda.gov/drugsatfda_
docs/nda/2009/021856s000_ClinPharmR_P1.pdf. Accessed
10 March 2016

Liu S, Perez-Ruiz F, Miner JN. Patients with gout differ from healthy
subjects in renal response to changes in serum uric acid. Joint Bone
Spine. 2017;84(2):183-188.

Turnheim K, Krivanek P, Oberbauer R. Pharmacokinetics and pharma-
codynamics of allopurinol in elderly and young subjects. Br J Clin
Pharmacol. 1999;48(4):501-509.

Kannangara DR, Ramasamy SN, Indraratna PL, et al. Fractional clear-
ance of urate: validation of measurement in spot-urine samples in
healthy subjects and gouty patients. Arthritis Res Ther. 2012;14(4):
R189.

Kamel B, Williams KM, Graham GG, et al. Determination of
febuxostat in human plasma by high performance liquid chromatogra-
phy (HPLC) with fluorescence-detection. J Chromatogr B. 2019;1126:
1-8.121764.

Food and Drug Administration (FDA). guidance for industry
bioanalytical method validation (2001). Available from The FDA
Website  from  URL:  https://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatorylnformation/Guidances/
UCMO070107.pdf. Accessed 5 April 2018.

Fossati P, Prencipe L, Berti G. Use of 3,5-dichloro-
2-hydroxybenzenesulfonic acid/4-aminophenazone chromogenic sys-
tem in direct enzymic assay of uric acid in serum and urine. Clin Chem.
1980;26(2):227-231.

Folin O. On the determination of creatinine and creatine in blood,
milk and tissues. J Biol Chem. 1914;17:475-481.

Bowers LD. Kinetic serum creatinine assays . the role of various fac-
tors in determining specificity. Clin Chem. 1980;26(5):551-554.
Bowers LD, Wong ET. Kinetic serum creatinine assays. Il. A critical
evaluation and review. Clin Chem. 1980;26(5):555-561.

Purves RD. Multiple solutions, illegal parameter values, local minima
of the sum of squares, and anomalous parameter estimates in least-
squares fitting of the two-compartment pharmacokinetic model with
absorption. J Pharmacokinet Biopharm. 1996;24(1):79-101.

Hirai T, Kimura T, Echizen H. Modeling and simulation for estimating
the influence of renal dysfunction on the hypouricemic effect of
febuxostat in hyperuricemic patients due to overproduction or under-
excretion of uric acid. Biol Pharm Bull. 2016;39(6):1013-1021.

Jusko WJ, Gibaldi M. Effects of change in elimination on varous
parameters of the two-compartment open model. J Pharm Sci. 1972;
61(8):1270-1273.

Wagner JG. Application of the Wagner-Nelson absorption method to
the two-compartment open model. J Pharmacokinet Biopharm. 1974;2
(6):469-486.

Gibaldi M, Perrier D. Pharmacokinetics (Second edition Revised and
Expanded), Volume 15 of Drugs and the Pharmaceutical Sciences.
New York (USA): Taylor and Francis Group, Informa Healthcare Inc;
1982.

Simkin PA. When, why, and how should we quantify the excretion
rate of urinary uric acid? J Rheumatol. 2001;28(6):1207-1210.
Quaratino CP, Di Sciascio N, Rucci C, Ciaglia P, Giacomello A. The
normal range of serum urate levels and of fractional urate excretion.
Adv Exp Med Biol. 1994;370:91-93.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

R Core Team. (2013). R: A language and environment for statistical com-
puting, Version 3.4. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0. Available from R Statistics Website
from URL: http://www.r-project.org/

GraphPad Prism version 7.0.3 for Windows, GraphPad Software, La
Jolla California USA, www.graphpad.com

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150(9):604-612.
Bianchi R, Vitali C, Clerico A, et al. Uric acid metabolism in normal
subjects and in gouty patients by chromatographic measurement of
14C-uric acid in plasma and urine. Metabolism. 1979;28(11):1105-
1113.

Nishino T, Okamoto K. Mechanistic insights into xanthine oxidoreduc-
tase from development studies of candidate drugs to treat hyperuri-
cemia and gout. J Biol Inorg Chem. 2015;20(2):195-207.

Mukoyoshi M, Nishimura S, Hoshide S, et al. In vitro drug-drug inter-
action studies with febuxostat, a novel non-purine selective inhibitor
of xanthine oxidase: plasma protein binding, identification of meta-
bolic enzymes and cytochrome P450 inhibition. Xenobiotica. 2008;38
(5):496-510.

Osada Y, Tsuchimoto M, Fukushima H, et al. Hypouricemic effect of
the novel xanthine oxidase inhibitor, TEI-6720, in rodents. Eur J
Pharmacol. 1993;241(2-3):183-188.

Doherty M. New insights into the epidemiology of gout. Rheumatol-
ogy (Oxford). 2009;48(Suppl 2):ii2-ii8.

Kuo CF, Grainge MJ, Zhang W, Doherty M. Global epidemiology of
gout: prevalence, incidence and risk factors. Nat Rev Rheumatol.
2015;11(11):649-662.

Becker MA, Schumacher HR Jr, Wortmann RL, et al. Febuxostat, a
novel nonpurine selective inhibitor of xanthine oxidase: a twenty-
eight-day, multicenter, phase I, randomized, double-blind, placebo-
controlled, dose-response clinical trial examining safety and efficacy
in patients with gout. Arthritis Rheum. 2005;52(3):916-923.

Miyata H, Takada T, Toyoda Y, Matsuo H, Ichida K, Suzuki H. Identifi-
cation of Febuxostat as a new strong ABCG2 inhibitor: potential
applications and risks in clinical situations. Front Pharmacol. 2016;7:
1-12.518.

Mao Q, Unadkat JD. Role of the breast cancer resistance protein
(BCRP/ABCG2) in drug transport--an update. AAPS j. 2015;17(1):
65-82.

Kannangara DR, Phipps-Green AJ, Dalbeth N, et al. Hyperuricaemia:
contributions of urate transporter ABCG2 and the fractional renal
clearance of urate. Ann Rheum Dis. 2016;75(7):1363-1366.

Choi HK, Mount DB, Reginato AM. American College of P, American
physiological S. Pathogenesis of Gout Ann Intern Med. 2005;143(7):
499-516.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kamel B, Graham GG, Stocker SL,
et al. A pharmacokinetic-pharmacodynamic study of a single
dose of febuxostat in healthy subjects. Br J Clin Pharmacol.
2020;86:2486-2496. https://doi.org/10.1111/bcp.14357



http://www.accessdata.fda.gov/drugsatfda_docs/nda/2009/021856s000_ClinPharmR_P1.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2009/021856s000_ClinPharmR_P1.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
http://www.r-project.org/
http://www.graphpad.com
https://doi.org/10.1111/bcp.14357

	A pharmacokinetic-pharmacodynamic study of a single dose of febuxostat in healthy subjects
	  INTRODUCTION
	  METHODS
	  Study design

	  What is already known about this subject
	  What this study adds
	  Bioanalysis
	  Pharmacokinetic analysis
	  Time course of urate concentrations
	  Pharmacokinetic-pharmacodynamic analysis
	  Renal excretion and clearance of urate
	  Statistical analysis

	  RESULTS
	  Baseline characteristics
	  Pharmacokinetics of febuxostat
	  Effect of a single dose of febuxostat on the time course of serum urate concentrations
	  Pharmacokinetic-pharmacodynamic relationship of a single dose of febuxostat
	  Phamacokinetic-pharmacodynamic model of mean plasma febuxostat and serum urate concentrations.

	  Effect of febuxostat on the renal excretion and clearance of urate

	  DISCUSSION
	  CONCLUSION
	ACKNOWLEDGEMENTS
	  COMPETING INTERESTS
	  CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


